Objective: Because early estrogen deficiency may increase the susceptibility of the optic nerve to glaucoma, we studied the association of early bilateral oophorectomy with glaucoma.
G laucoma is the second leading cause of blindness in the United States and worldwide. 1, 2 Even in individuals with normal visual acuity, glaucoma-related visual loss can lead to significant functional visual impairment. 3, 4 Functional vision loss from glaucoma not only impairs important activities of daily living, such as reading, walking, and driving, but is also associated with higher rates of secondary health conditions, including depression, falls, and motor vehicle accidents. 3, 4 Approximately 3% of the world population aged 40 years or older has glaucoma. About 74% of these individuals have primary open-angle glaucoma (POAG), a condition that is expected to increase in incidence by 28% per decade during the next 40 years in the United States. 5 POAG is an age-dependent, intraocular pressureYrelated type of neurodegeneration that can be regarded as accelerated aging of the optic nerve. 1,3,6<9 Worldwide, approximately 59% of individuals with glaucoma of all types combined are women. Women have higher rates of visual impairment due to glaucoma than men, but they are 24% less likely to receive medical, laser, and surgical treatments than men. 10, 11 Therefore, it is important to understand the sex-specific risk factors associated with glaucoma. 1, 2 The neuroprotective effects of estrogen on the optic nerve are supported by clinical, epidemiological, and basic scientific evidence. 8,12<19 Thus, early estrogen deficiency may increase the susceptibility of the optic nerve to glaucoma-related damage. Surrogates for a lifetime decrease in estrogen exposure were measured in several population-based studies, which showed that late menarche, early menopause, or a shorter length of time from menarche to menopause was associated with the development of glaucoma. 12<16 Early estrogen deficiency after oophorectomy has profound effects on women's health, including increased risks of overall mortality, cardiovascular mortality, cognitive impairment or dementia, parkinsonism, depression, and anxiety. 20<24 However, the effects of early oophorectomy on the optic nerve and on the risk of glaucoma have not been investigated. Therefore, we used data from the Mayo Clinic Cohort Study of Oophorectomy and Aging to determine whether early estrogen loss due to bilateral oophorectomy increased the risk for later development of glaucoma.
METHODS

Bilateral oophorectomy cohort
The Mayo Clinic Cohort Study of Oophorectomy and Aging is a population-based historical cohort study of all women who underwent unilateral or bilateral oophorectomy in Olmsted County, MN, between 1950 and 1987. Because the study was originally designed and funded to study Parkinson's disease outcomes, women were included only if they were 40 years or older by January 1, 2002. In our analyses, we included only those women who underwent bilateral or second unilateral oophorectomy. In addition, we included only those women who underwent bilateral oophorectomy before menopause; if age at menopause was not known, we included women who underwent bilateral oophorectomy before the age of 56 years. 22 Thus, most women were presumed to have been premenopausal at the time of surgical operation. We also excluded women who underwent bilateral oophorectomy for estrogen-related cancer (usually ovarian or breast cancer); thus, most women were presumed to be free of estrogen-related cancer at the time of inclusion in the study. Finally, we excluded women who received any glaucoma diagnostic code before the year of oophorectomy.
The indication specified by the surgeon at the time of surgical operation (categorized as prophylactic or for a benign ovarian condition) and the use of estrogen after bilateral oophorectomy were abstracted from medical records stored within the records linkage system of the Rochester Epidemiology Project (REP; www.rochesterproject.org). In brief, the REP is a collaboration between healthcare providers in Olmsted County, MN, including Olmsted Medical Center, Mayo Clinic, Rochester Family Medicine Clinic, and other care providers. Through sharing of medical information across providers for research purposes, nearly all data on medical diagnoses and procedures are available for the population of Olmsted County. The REP is funded by the National Institutes of Health and has made possible hundreds of population-based research projects. Additional details of this cohort design and follow-up have been reported elsewhere. 21, 22 Additional details on the population of Olmsted County and on the REP have also been published. 25<28
Referent cohort
The study also included a group of age-matched referent women who had not undergone oophorectomy during the same period. In brief, for each woman in the bilateral oophorectomy cohort, we defined index year as the year of surgical operation. A simple random sampling method was used to select one woman from the entire Olmsted County population who had the same year of birth and had not undergone unilateral or bilateral oophorectomy before the index year. This referent group included women who underwent hysterectomy without oophorectomy, and women were not required to be premenopausal in the index year. Indeed, the menopause status of referent women who did not undergo oophorectomy was not known. However, we excluded women who received any glaucoma diagnostic code before the index year.
Our referent cohort was population-based because all women who resided in Olmsted County during the index year and met the inclusion criteria were considered eligible regardless of menopause status and any other conditions or risk factors. The REP provided the list of potential referent women within Olmsted County, and this list was shown to be complete compared with a random digit dialing telephone sample and the US Decennial Census. 28 
Follow-up and glaucoma outcomes
Using the complete set of electronic medical diagnoses available as part of the REP infrastructure, we were able to passively follow women in both bilateral oophorectomy and referent cohorts through the onset of glaucoma, death, last medical contact with the REP, or June 30, 2010 (end of the study). However, we excluded women who did not receive a medical diagnosis of any kind after the year of oophorectomy (or index year for women in the referent cohort) because they were not informative.
The year of onset of glaucoma was determined by searching for 131 unique glaucoma-related diagnostic codes within the three diagnostic coding systems historically used by the REP. The Berkson coding system, a historical classification system developed at the Mayo Clinic, was used to code diagnoses from 1935 to 1975; the hospital adaptation of the International Classification of Diseases, Eighth Revision was used to code diagnoses from 1975 to 2004; and the International Classification of Diseases, Ninth Revision was used to code diagnoses after 2004. 25 The 131 diagnostic codes were grouped by an ophthalmologist (T.S.V.), who was kept unaware of oophorectomy status, into five hierarchical categories based on etiology or type of glaucoma: (1) secondary glaucoma; (2) angle-closure/ narrow-angle glaucoma;
(3) open-angle glaucoma (OAG), including POAG, exfoliation, and pigmentary glaucoma; (4) ocular hypertension (OHTN); and (5) unspecified glaucoma. Women who had diagnostic codes from more than one of the five categories were assigned to a primary group in descending order of priority from category 1 (highest priority) through category 5 (lowest priority). Our analyses considered the first occurrence of diagnostic codes for any glaucoma and separately for specific types of glaucoma (OAG or OHTN, and OAG alone).
Collection of other clinical information
Diagnostic codes stored electronically in the records linkage system were used to study the occurrence of hypertension, obesity, diabetes, or disorders of lipid metabolism at baseline (index year). We also searched for codes related to cardiovascular events preceding baseline (myocardial infarction and stroke). The diagnostic codes were grouped using the Clinical Classification Software (CCS) of the Agency for Healthcare Research and Quality, Healthcare Cost and Utilization Project. 29, 30 For obesity, we used a subset of codes from the original CCS group (other nutritional, endocrine, and metabolic disorders) to be more specific.
A woman was considered to have one of the metabolic risk factors at baseline if she received at least two codes within the same CCS group before baseline. These same CCS groups were also used to study the de novo appearance of metabolic outcomes between the index year and the onset of glaucoma (restricted to women who did not have the condition at baseline). A woman was considered to have developed de novo metabolic syndrome if she developed any three or more of the four components of the syndrome (hypertension, obesity, diabetes, and disorders of lipid metabolism).
Validation of screening
To determine the validity of using diagnostic codes to identify women with glaucoma, we reviewed the complete medical records of 60 randomly chosen women who received a code for glaucoma and 40 women who did not receive a code for glaucoma (records reviewed by T.S.V.). We also investigated the agreement separately for women who received a code for glaucoma and had at least one OAG-type code and for women who did not receive any OAG code.
For medical records review, OAG was defined as a combination of any two of the following criteria: (1) intraocular pressure higher than 24 mm Hg; (2) optic nerve cupYto-optic nerve disc ratio higher than 0.6; (3) optic nerve cupYtoYoptic nerve disc ratio rim width less than 0.1; and (4) optic nerve cupYtoYoptic nerve disc ratio asymmetry higher than 0.2, or any reliable visual field defects consistent with glaucoma (including nasal steps, arcuate defects, altitudinal defects, advanced tunnel vision, or advanced cases with a remaining temporal island).
Statistical analyses
Prespecified outcomes were analyzed using time-to-event Cox proportional hazards models. The year of onset of glaucoma was derived from the first occurrence in the REP system of any glaucoma diagnostic code or a glaucoma code within a specified glaucoma type (OAG or OHTN, and OAG alone). Women with none of the codes for glaucoma were followed passively from the index year through death, last medical contact with the REP, or June 30, 2010. We used age as the time scale for all analyses, and women entered the risk set at their respective index ages.
Prespecified analyses were performed overall and separately within strata defined by age at the time of oophorectomy divided into tertiles, and by indication. Analyses stratified by indication were performed to investigate a possible confounding effect by surgical indication. 31 Additional analyses were performed to determine whether estrogen treatment modified the risk of glaucoma. Of note, information about the indications for oophorectomy and estrogen treatment was abstracted from medical records. 22 
RESULTS
Validity of glaucoma outcome
We randomly selected 60 women who had at least one glaucoma diagnosis (including 30 women with an OAG-type code and 30 women with another type of glaucoma diagnosis) and 40 women with no glaucoma diagnoses in the REP system. By the time of the validation study, seven of these 100 women (five women with glaucoma diagnoses and two women without glaucoma diagnoses) had withdrawn their consent for the use of their medical records for research; thus, we were unable to review their full medical history.
Forty-three of the 55 women with at least one glaucoma diagnostic code had some type of glaucoma documented in their ophthalmic records (positive predictive value [PPV], 78.2%). Only one of the 38 women without glaucoma diagnostic codes had glaucoma documented in her ophthalmic records (negative predictive value, 97.4%). Of the 28 women with one or more OAG-type diagnostic codes, 27 had some type of glaucoma documented in their ophthalmic records (PPV, 96.4%). However, only 17 of these women met the clinical criteria for OAG (PPV for glaucoma subtype, 60.7%). Among the 27 women with non-OAG glaucoma diagnostic codes, only 16 had some type of glaucoma in their medical records (PPV, 59.3%), and 5 (18.5%) had clinically defined OAG.
Study sample
Of the 1,097 women who underwent bilateral oophorectomy, we excluded 10 women who did not give their consent for the use of their medical records for research, 37 women who had no electronic diagnostic codes after the year of surgical operation, and 6 women who had at least one glaucoma diagnosis before oophorectomy (total, 53). Of the 1,097 matched referent women, we excluded 7 women who did not give their consent for the use of their medical records for research, 18 women who had no electronic diagnostic codes after the index year, and 2 women who had at least one glaucoma diagnosis before the index date (total, 27). Thus, 1,044 women who underwent bilateral oophorectomy and 1,070 referent women were included in the final analyses. Figure 1 shows the flow chart of inclusion in the study and the numbers of women found to have glaucoma diagnoses during follow-up.
The median (interquartile range) age at index year in the bilateral oophorectomy group was 45.9 (41.0-49.7) years. Owing to the matched design, the median (interquartile range) age at the index year was also 45. at least one glaucoma diagnostic code after the index year. Of these 280 women, 94 had OAG (including exfoliation and pigmentary glaucoma), 66 had OHTN, 13 had angle-closure glaucoma, 6 had secondary glaucoma, and 101 had unspecified glaucoma. Table 1 shows the results of cohort analyses for glaucoma of all types, for OAG or OHTN, and for OAG alone. The risk for glaucoma of all types was similar in women who underwent bilateral oophorectomy and in referent women overall (hazard ratio [HR], 1.12; 95% CI, 0.89-1.42). However, the risk of glaucoma was significantly higher in women who underwent bilateral oophorectomy before the age of 43 years (first tertile of age distribution; HR, 1.60; 95% CI, 1.15-2.23; Fig. 2 ). The results did not change after adjustment for hypertension, obesity, diabetes, or disorders of lipid metabolism at baseline (HR, 1.64; 95 CI, 1.17-2.29). None of the women in the bilateral oophorectomy or referent cohort who were younger than 43 years at baseline had experienced a myocardial infarction or a stroke.
In stratified analyses, bilateral oophorectomy before the age of 43 years was associated with an increased risk of glaucoma diagnosis both in women who had a prophylactic indication (HR, 2.40; 95% CI, 1.44-4.01) and in women who had a benign ovarian condition (HR, 1.37; 95% CI, 0.93-2.02; P for interaction = 0.06; Table 1 ). However, the association was statistically significant only for women who had a prophylactic indication. Of the 344 women who underwent bilateral oophorectomy before the age of 43 years, only 37 women (10.8%) were treated with estrogen up to 50 years or older. The analysis stratified by estrogen treatment showed a significantly increased risk of glaucoma both in women who did not have estrogen treatment or who interrupted treatment before the age of 50 years (HR, 1.60; 95% CI, 1.12-2.30) and in women who were treated with estrogen up to 50 years or older (HR, 1.59; 95% CI, 0.81-3.13; P for interaction = 0.98).
The risk of OAG and OHTN combined was not higher in women who underwent bilateral oophorectomy compared with referent women overall or in strata defined by age (Table 1 ). In analyses stratified by indication, the risk of OAG or OHTN was higher in women who underwent bilateral oophorectomy before the age of 43 years for prophylaxis (HR, 3.01; 95% CI, 1.61-5.60), but not in women who underwent bilateral oophorectomy for a benign ovarian condition (HR, 0.95; 95% CI, 0.52-1.72; P for interaction = 0.004). In analyses restricted to diagnoses of OAG alone, we found no associations overall or separately within strata defined by age, indication for surgical operation, or estrogen treatment. However, the number of outcomes within each stratum was small.
DISCUSSION
Major findings
Little is known about the effects of oophorectomy on the risk of glaucoma. The Mayo Clinic Cohort Study of Oophorectomy and Aging provided a unique opportunity to investigate glaucoma in a population-based cohort study with long follow-up. The long follow-up was particularly important because glaucoma is a slow and progressive optic neuropathy and may manifest only many years after oophorectomy. Our findings suggest that women who undergo bilateral oophorectomy before the age of 43 years are at 1.6-fold increased risk of developing glaucoma of all types during the next 25 years. The results did not change after adjustment for hypertension, obesity, diabetes, or disorders of lipids metabolism at baseline (index year). Our findings may guide individualized assessments of the sex-specific risk factors for glaucoma and of the risks and benefits of bilateral oophorectomy in younger women.
Our study provides the first population-based results suggesting that bilateral oophorectomy in women younger than 43 years increases the risk of glaucoma overall and the risk of OAG or OHTN in particular. These findings are in agreement with previous population-based studies showing that early menopause or late menarche may increase the risks of POAG. 12<16 In the Rotterdam Study, the risk of POAG was higher in women who entered menopause before the age of 45 years (odds ratio, 2.6; 95% CI, 1.5-4.8). 12 In the Blue Mountains Eye Study, the risk of POAG was significantly higher in women who reported late menarche (after the age of 13 y; odds ratio, 2.0; 95% CI, 1.0-3.9) but not in women who underwent early menopause. 16 In the Nurses' Health Study, the risk of POAG was 50% lower in women who underwent menopause at 54 years or older compared with women who underwent menopause before the age of 54 years (relative risk, 0.53; 95% CI, 0.32-0.89) during more than 20 years of follow-up. 15 By contrast, the Aravind Comprehensive Eye Survey did not find significant associations between late menarche, early menopause, or duration of estrogen exposure There was no significant difference between the HR for women who underwent BO before the age of 43 years for benign conditions and the HR for women who underwent BO before the age of 43 years as prophylaxis for all glaucoma diagnoses (P for interaction = 0.06) or for OAG alone (P for interaction = 0.27). However, in the analyses for OAG and OHTN diagnoses, there was a significant difference in risk between the indication groups (P for interaction = 0.004). and the risk of POAG. 13 These discrepant findings may be attributable to the age of women. The mean age of women in the Aravind Comprehensive Eye Survey was more than 10 years younger than the mean age of women in other cohorts. 15 In addition, although the postmenopausal use of hormones did not decrease the risk of POAG in some studies, the postmenopausal use of combined estrogen and progestin significantly reduced the risk of POAG in women with OHTN in the Nurses' Health Study. 15 Consistent with previous epidemiological evidence, our findings indicate that early loss of female sex hormones due to bilateral oophorectomy increases the risk of glaucoma development. Estrogen loss may affect the aging of the optic nerve through several alternative mechanisms. 8 First, the mechanical theory suggests that mechanical stress from increased intraocular pressure may damage the optic nerve. 9 Estrogens may regulate intraocular pressure by influencing aqueous production and outflow systems. 32, 33 Intraocular pressure is higher in postmenopausal women than in age-matched premenopausal women and decreases by 1 to 4 mm Hg in response to postmenopausal hormone therapy in women with or without POAG. 32<37 Second, the vascular theory suggests that decreased perfusion or vascular dysregulation of the optic nerve leads to neurodegeneration. 9, 38, 39 Estradiol regulates smooth muscle tone and vascular resistance and augments the activity of endothelial nitric oxide synthase (eNOS3). 40, 41 In addition, animal models and clinical studies have indicated that estradiol increases the perfusion of the optic nerve, retinal ganglion cells, and their supporting structures. 17,32,42<46 Finally, the neuroprotective effects of estradiol on glaucoma animal models seem to be mediated, at least in part, through estrogen receptors in retinal ganglion cells. 17<19 Taken together, these findings indicate that estradiol has protective effects on the optic nerve and prevents glaucoma.
The protective effect of estrogen on the optic nerve may be mediated by a reduction in the risk of metabolic syndrome or in the risk of cardiovascular disease. 24, 47, 48 Adjustment for hypertension, obesity, diabetes, or disorders of lipid metabolism at baseline did not modify the results. However, women younger than 43 years at baseline who developed glaucoma after bilateral oophorectomy were more likely to experience de novo metabolic syndrome between the surgical operation and the onset of glaucoma than referent women of the same age at baseline who developed glaucoma (22.0% vs 4.0%; P = 0.04; data not shown). Despite the small numbers, these analyses suggest that there may be a synergistic interaction between bilateral oophorectomy and metabolic syndrome in causing glaucoma. 47, 49 A similar interaction was not found for cardiovascular events (myocardial infarction or stroke; data not shown).
Although our analysis failed to demonstrate the benefits of estrogen treatment after oophorectomy, the abrupt loss of estrogens caused by bilateral oophorectomy probably plays a major role. The lack of benefit of estrogen treatment in our analysis may be attributable to the small number of women treated (11%). On the other hand, early bilateral oophorectomy has been associated with increased risks of a variety of health outcomes, including overall mortality, cardiovascular mortality, cognitive impairment or dementia, parkinsonism, depression, anxiety, and glaucoma. 20<24 These associations are stronger in women who had undergone oophorectomy at a younger age. Although estrogen treatment after bilateral oophorectomy has been found to reverse the increased risks of cognitive impairment or dementia and cardiovascular mortality, it did not reduce the risks of parkinsonism, depression, anxiety, or glaucoma. These differences suggest that the causal mechanisms are probably complex and may involve interactions among the effects of reduced concentrations of circulating estrogen, progesterone, or testosterone, or increased release of gonadotropins. In addition, other genetic or nongenetic risk factors may be involved in some women.
Overall, the risk of glaucoma in women who underwent bilateral oophorectomy before the age of 43 years did not significantly differ by indication. However, the risk of glaucoma was significantly higher in women who underwent bilateral oophorectomy for prophylaxis than in women who underwent bilateral oophorectomy for a benign ovarian condition in analyses restricted to OAG or OHTN. These two findings, considered together, suggest that the benign ovarian conditions that prompted the surgical operation in a subset of women were not confounding variables in the observed association. Thus, bilateral oophorectomy seems to be a direct causal event leading to glaucoma, rather than an event spuriously associated with glaucoma.
Strengths and limitations
This study had several strengths. The year of bilateral oophorectomy, the indication for oophorectomy, and the use of estrogen after surgical operation were documented in medical records, eliminating the need for a recall of the surgical event or estrogen use. In addition, we were able to follow women for approximately 25 years to observe incident glaucoma. Finally, age was used as time scale in the analyses to minimize the confounding effect of age.
However, our study had several limitations. First, glaucoma diagnostic codes were used as glaucoma outcomes, and mixed types of glaucoma were included in our primary analysis. Epidemiological, clinical, and basic scientific evidence suggests that the effect of early bilateral oophorectomy is restricted to OAG and OHTN. Unfortunately, we were unable to study OAG as our primary outcome because of limited sample size and risk of misclassification. In our validation study, the diagnostic codes for glaucoma of any type had a PPV of 78.2% and a negative predictive value of 97.4%. However, we found misclassifications of OAG versus other types of glaucoma. Even though the diagnostic codes for OAG had the highest PPV for any type of glaucoma (96.4%), they had a low PPV for OAG in particular (60.7%). This misclassification may be attributable to changes in the definitions and classifications of glaucoma and OAG across time. In brief, OAG is considered an optic neuropathy, and its diagnosis is based on characteristic changes in the optic nerve with or without corresponding visual field defects (perimetric or preperimetric glaucoma, respectively). Furthermore, although intraocular pressure remains the major risk factor and the only modifiable factor for OAG, OHTN is considered a separate entity and is no longer one of the criteria for OAG diagnosis.
A second limitation of our study was the relatively small number of women who underwent oophorectomy before the age of 43 years and were treated with estrogen. Therefore, we were unable to adequately explore the effects of estrogen therapy after early bilateral oophorectomy. Third, our outcomes were restricted to glaucoma diagnoses given to women at one of the participating REP providers. Unfortunately, privately practicing optometrists do not currently share data with REP, and we may have undercounted the diagnoses of glaucoma. However, the potential undercounting of glaucoma outcomes should be equal in the oophorectomy and referent cohorts (nondifferential misclassification). 50 Fifth, because we did not exclude or stratify referent women based on their menopause status at the index year, we compared women who underwent oophorectomy with the entire remaining population. Our study was not designed to compare women who underwent premature or early menopause because of bilateral oophorectomy with women who experienced premature or early menopause naturally. For the stratum of women younger than 43 years at the time of oophorectomy, very few referent women were expected to be naturally menopausal. Premature natural menopause occurs in approximately 1% of women younger than 40 years, and early natural menopause occurs in approximately 5% of women aged between 40 and 45 years. 51 
CONCLUSIONS
Early bilateral oophorectomy is associated with increased risks of a variety of health outcomes, including several conditions related to brain aging. Our study is the first to show that women who undergo bilateral oophorectomy before the age of 43 years are at increased risk for developing glaucoma. These findings are in agreement with previous epidemiological, clinical, and animal studies suggesting that estrogen has a neuroprotective effect on the optic nerve. 8,12<19 Our findings provide new evidence to guide individualized assessments of the sex-specific risk factors for glaucoma and may assist women and their physicians in evaluating the risks and benefits of bilateral oophorectomy. 52 
